The present study addressed whether chronic hypoxia is associated with reduced nitric oxide (NO) release due to decreased activation of endothelial NO synthase (eNOS). Primary cultures of endothelial cells from human umbilical veins (HUVECs) were used and exposed to different oxygen levels for 24 h, after which NO release, intracellular calcium, and eNOS activity and phosphorylation were measured after 24 h. Direct measurements using a NO microsensor showed that in contrast to 1-h exposure to 5% and 1% oxygen (acute hypoxia), histamine-evoked (10 M) NO release from endothelial cells exposed to 5% and 1% oxygen for 24 h (chronic hypoxia) was reduced by, respectively, 58% and 40%. Furthermore, chronic hypoxia also lowered the amount and activity of eNOS enzyme. The decrease in activity could be accounted for by reduced intracellular calcium and altered eNOS phosphorylation. eNOS Ser 1177 and eNOS Thr 495 phosphorylations were reduced and increased, respectively, consistent with lowered enzyme activity. Akt kinase, which can phosphorylate eNOS Ser 1177 , was also decreased by hypoxia, regarding both total protein content and the phosphorylated (active) form. Moreover, the protein content of ␤-actin, which is known to influence the activity of eNOS, was almost halved by hypoxia, further supporting the fall in eNOS activity. In conclusion, chronic hypoxia in HUVECs reduces histamine-induced NO release as well as eNOS expression and activity. The decreased activity is most likely due to changed eNOS phosphorylation, which is supported by decreases in Akt expression and phosphorylation. By reducing NO, chronic hypoxia may accentuate endothelial dysfunction in cardiovascular disease. endothelial nitric oxide synthase; Akt; actin; endothelium; hypoxia HYPOXIA is common in patients with cardiopulmonary disease (22), and chronic hypoxia during the course of pregnancy is one of the common insults thought to be associated with increased risk of preeclampsia and fetal intrauterine growth restriction (37). Even though the endothelial cell (EC) layer is relatively tolerant to low oxygen tensions (20), many of the effects of chronic hypoxia are thought to take place through alterations in EC signaling. This can affect the release of vasoactive products such as nitric oxide (NO), which contributes not only to the local regulation of vascular smooth muscle tone (54) but also regulates cell proliferation (19). Endotheliumderived NO was suggested to contribute to acute hypoxic vasodilation in human umbilical vein ring segments (32), whereas NO synthase (NOS) inhibition hardly influenced flowevoked endothelium-dependent vasodilation in porcine coronary resistance arteries (21). In chronic hypoxia, in vivo studies have suggested that NO-dependent vasodilatation is decreased in the rat aorta and in uterine arteries from pregnant guinea pigs (31, 56), whereas it appears to be increased in pregnant ovine uterine arteries (58) and small mesenteric arteries (13) and in fetal guinea pig hearts (52). Hypoxia was reported to increase NO end products in pregnant ovine uterine arteries (58), and direct measurements with microsensors in mesenteric arteries also suggested that NO was increased (13), whereas fluorescence measurements revealed that NO was decreased in pulmonary arteries from chronic hypoxic rats (35). Thus, the response to hypoxia appears to depend on the vascular bed involved, degree and duration of hypoxia, gestational state, and in vivo additional indirect effects caused by, e.g., changes in blood flow and shear stress influencing the endothelial NO system.
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Measurements of the direct effect of hypoxia on ECs in culture, however, also revealed contrasting effects of chronic hypoxia: hypoxia was found to increase the formation of NO end products in cultured coronary ECs (7, 25, 44, 59) , whereas they were decreased in bovine aortic and pulmonary ECs and human umbilical vein ECs (HUVECs) (28, 57) ; others reported no change in HUVECs (10) . Measurments of the conversion of L-arginine to L-citrulline suggested that endothelial NOS (eNOS) activity decreases in bovine and human ECs exposed to chronic hypoxia (3, 50) . In regard to the expression of eNOS protein and mRNA in cultured ECs, it has been reported to be increased after short-term (7, 21, 44) or chronic (3) hypoxia, whereas chronic hypoxia has been reported to decrease protein and mRNA expression in HUVECs (32) , bovine pulmonary arterial cells (28, 39) , and human pulmonary arterial and saphenous vein ECs (50) . Thus, the EC type involved seems to influence the response to chronic hypoxia, but it is also apparent that several of the studies have only considered part of the NO pathway.
In the present study, we sought to provide a better framework for understanding the cardiovascular consequences of chronic hypoxia in humans by determining the effect of chronic hypoxia on several aspescts of the L-arginine/NO pathway, from the activation of eNOS to the release of NO. We used primary cultures of HUVECs and exposed them to 5% or 1% oxygen for 24 h. NO release was measured directly with the use of NO-sensitive microsensors. Biochemical experi-ments were performed to determine the degree to which changes in NO production were related to alterations in eNOS expression, activity, and phosphorylation. The effectiveness of the hypoxia was determined by the effect on hypoxia-inducible factor (HIF), known to be stabilized by hypoxia (42) . The role of HIF in the biochemical changes seen was determined with the use of CoCl 2 , known also to stabilize HIF (60) . We hypothesized that chronic hypoxia is associated with reduced NO release due to decreased activation of eNOS.
MATERIALS AND METHODS
Study participants. Pregnant women attending routine antenatal care in the period of November 2004 to June 2006 at the Department of Obstetrics and Gynecology, Skejby Hospital, were invited to participate in the study. The women included were nonsmoking, normotensive, had normal cholesterol levels, and did not have preeclampsia, diabetes mellitus, or a family history of premature vascular disease; none were on regular medication.
Written consent was obtained from those who agreed to participate (58 women total). The investigation conformed to the principles outlined in the Declaration of Helsinki and was approved by the local ethics committee of the University of Aarhus (Reference No.
20040154).
Cell isolation and culture. Umbilical cords were obtained immediately after delivery and transported from the Department of Obstetrics and Gynecology to the Department of Pharmacology, where HUVECs were isolated as previously described (40) . Briefly, veins were first rinsed in DMEM (Sigma Aldrich, St. Louis, MO) to remove as much blood as possible. Approximately 10 ml of a 0.1% collagenase solution were flushed through the vein, and the umbilical cord was closed at both ends by clamps. After the umbilical cord had been incubated for 1 h at 37°C, the collagenase solution was washed out with DMEM, and 20 ml of stop medium (DMEM with 10% FCS) were added. Cells were spun down for 8 min at 2,100 rpm, the supernatant was discarded, and the pellet was resuspended in growth medium containing 2% serum, EGF, hydrocortisone, VEGF, FGF, IGF, ascorbic acid, heparin, amphotericin B, and gentamicin (Endothelial Cell Growth Medium 2 with supplement pack, Promocell, Heidelberg, Germany). Cells were then plated out in gelatine-coated flasks or dishes and allowed to adhere overnight. Growth medium was changed every second day, and cells were passaged with 0.25% trypsin when confluent. In all experiments, cells were used at passages 2 or 3. The EC phenotype was confirmed using phase-contrast microscopy (i.e., cuboidal, cobblestone-appearing monolayer of cells) and positive immunofluorescence staining with antibodies against von Willebrand factor (40). Confluent monolayers of ECs were established and incubated for 24 h at 5% or 1% oxygen in an air-tight chamber placed in a heating cabinet. The low oxygen concentration was obtained by flushing the chamber with a gas mixture consisting of 95% N 2-5% CO2, and the oxygen concentration was continuously monitored using an oxygen minisensor electrode (Unisense, Aarhus, Denmark). The precise concentration at the surface of the cells was also measured during normoxia (data not shown) and was similar to the oxygen concentration in the media after 24 h compared with the concentration of oxygen measured in the incubation chamber. Cobalt stabilizes HIF (60) , and, to investigate the involvement of HIF, CoCl 2 was dissolved in growth medium to a final concentration of 10 mM; cells were incubated with this medium for 4 h at normal oxygen tension. After the hypoxic treatment, a cell count was performed.
NO measurements in cell culture. ECs were grown until near confluence on gelatine-covered glass slides (15 mm) and then incubated for 24 h under either 5% or 1% oxygen. Slides were then placed in a bath with physiological salt solution (PSS) containing 1.6 mM Ca 2ϩ .
With the use of a micromanipulator (Leitz, Wetzlar, Germany), a NOsensitive microsensor with a diameter of 30 -50 m (ISONOP30, World Precision Instruments, Stevenage, UK) was placed 5 m above the slide for NO measurements. Experiments were performed at 37°C in 21%, 5%, and 1% oxygen in the bath. The calibration was carried out with the use of a NO gas solution as previously described (43, 55) . Sensitivity was checked before and after each experimental protocol and, in all experiments, remained unchanged. To test the selectivity of the microsensors, a lack of response to sodium nitrite up to 10 M was taken as evidence for the intact coating of the microsensor. NO release was measured at baseline and in response to 0.1, 1, and 10 M histamine. To address the effect of acute hypoxia on the release of NO from human ECs, HUVECs were exposed to 21%, 5%, or 1% oxygen for 1 h, and increases in NO concentration evoked by histamine were measured as described above.
There was an increase in sensitivity of the NO microsensor when it was used for measurements at low oxygen tensions (Fig. 1) . During calibration of the microsensor, by the addition of increasing amounts of NO gas, it was observed that low oxygen concentrations resulted in a higher signal from the microsensor. The highest signal intensity was seen with 1% oxygen, and it was significant lower at 5% and 21% oxygen. showing that the sensitivity toward NO was highest at 1% oxygen and significantly lower at 5% and 21% oxygen (*P Ͻ 0.05). There were no significant differences between 5% and 21% oxygen.
Measurement of eNOS activity.
From the same umbilical cord, ECs were grown in 6-cm petri dishes and incubated under 21%, 5%, or 1% oxygen. Immediately after the hypoxic incubation, cells were washed twice in PBS-Tween 20 (PBS-T; containing 150 mM NaCl, 50 mM NaH2PO4, and 0.05% Tween 20), scraped off in 600 l of 0.05 M Tris-buffered saline (TBS; containing 20 mM Tris ⅐ HCl and 137 mM NaCl; pH 7.4), and divided into Eppendorf tubes containing 250 l for the citrulline assay and 50 l for the cell count. All tubes were frozen in liquid nitrogen and stored at Ϫ80°C until assayed. The activity of eNOS was determined by the conversion of L-[
14 C]arginine to L-[
14 C]citrulline with minor modifications of the methods previously described (2) . First, cell numbers in the sample were determined by cell counting in a Burker-Türk counting chamber at the light microscopic level to express eNOS activity per million HUVECs. Second, HUVECs were homogenized by six cycles of freeze/thawing, and 25 l of homogenate were incubated for 30 min at 37°C in a Tris reaction buffer containing L- 6 HUVECs). The intra-assay coefficient of variation (CV) was 6% (n ϭ 6) and the interassay CV was 5% (n ϭ 6) when measured over a period of 4 wk. This was based on ECs from thoracic pig aortas (2) .
Measurement of eNOS concentration. A human eNOS Quantikine Immunoassay kit (R&D Systems, Abingdon, UK) was used for quantification of the eNOS concentration. The assay procedure of the kit was followed, but only 50 l of cell homogenate in Tris buffer (final volume: 100 l) were added per well. All samples were assayed in duplicate, and mean eNOS concentrations were calculated relative to the numbers of HUVECs (ng eNOS/10 6 HUVECs). For controls, recombinant human eNOS standards were used, and the intra-assay CV was 5% (n ϭ 6).
Immunoblot analysis. Immediately after hypoxic or CoCl 2 incubation, cells were washed twice in PBS-T, frozen in liquid nitrogen (still in the dish), and stored at Ϫ80°C until used. Cells were then scraped off directly in sample buffer [8.5% glycerine, 2% SDS, 62.7 mM Tris ⅐ HCl (pH 6.8), 20 mM DTT, and 0.002% bromophenol blue] using a rubber policeman and boiled for 15 min. Protein concentrations were measured using a noninterfering protein assay kit (Calbiochem). Samples, containing an equal amount of protein, were loaded on 4 -12% polyacrylamide bis-Tris criterion gels (Bio-Rad Laboratories, Hercules, CA), and protein separation was carried out in the Criterion Electrophoresis System (Bio-Rad Laboratories, Hercules, CA) using XT MOPS as the running buffer. Proteins were blotted onto a polyvinylidine difluoride membrane for 1 h at 100 mV. Membranes were incubated as follows: first, they were blocked for 1 h in 5% milk, and the primary antibody was then added in the right dilution (in 5% milk). Membranes were left rotating at 4°C overnight. The next day, membranes were washed three times for 10 min in TBS-Tween 20 (TBS-T) or PBS-T before secondary antibodies were added (antimouse or anti-rabbit antibodies; also in 5% milk). After being incubated for 1 h at room temperature, membranes were again washed in TBS-T or PBS-T and then developed using an enhanced chemiluminescence detection system (ECL or ECLϩ, Amersham Biosciences). Bands were visualized on film (Amersham Bioscience) and scanned with a GS-710 Imaging Densitometer (Bio-Rad, U.S.A.) using the Quantity One software package, and intensities of the bands were evaluated using ImageQuant software (GE Healthcare).
Antibodies. Calcium measurements. Confluent HUVECs (passages 2-3) were incubated under 21%, 5%, or 1% oxygen for 23 h, loaded with fura-2 AM, and then incubated an additional 1 h under the specified oxygen concentration before being mounted in a perfusion chamber (Warner Instruments). With the use of a Deltaram lamp, fura-2-loaded cells were excited at 340, 360, and 380 nm, and the light passing through a 510-nm filter was captured by an intensified charge-coupled device camera operated using the IC300 digital imaging system (PTI) for the three wavelengths of 340, 360, and 380 nm. Ratio images of 340/380 nm were used for measurements of increases in the intracellular calcium concentration ([Ca 2ϩ ]i). To investigate the change in calcium concentration induced by histamine upon normoxia and hypoxia, ECs were perfused first with PSS and then with histamine (1 M). By the end of the experiments, the maximal increase in calcium was obtained by the addition of 1 M ionomycin. All solutions were bubbled with nitrogen with 5% CO 2 until the desired oxygen concentration (5% or 1%) was reached (measured using a Clark oxygen electrode).
Data analysis. Values from 5% and 1% hypoxia and from CoCl 2 treatment were normalized against their respective control value (100%), and results are expressed as mean values Ϯ SE; n refers to the number of umbilical veins used for each experiment. Unless otherwise stated, differences were statistically evaluated by one-way ANOVA followed by a Student-Newman-Keuls posttest. Statistical calculations were made using GraphPad Prism version 4.0 (Institute for Scientific Information, San Diego, CA). Differences were considered significant when P Ͻ 0.05.
RESULTS

HIF-1␣ stabilization under hypoxic incubation.
In EC cultures from six different umbilical cords kept at 21% oxygen, there were 800 Ϯ 60 cells/l present, 1,290 Ϯ 60 cells/l with 5% oxygen, and 840 Ϯ 20 cells/l after 1% oxygen. The concentration of oxygen in the air-tight chamber was continuously measured with an oxygen electrode during the entire 24 h of incubation to verify that the oxygen tension was kept within 0.5% of the desired level (data not shown). In these conditions, hypoxia (5% and 1% oxygen) and CoCl 2 stabilized HIF-1␣, as visualized by immunoblot analysis (Fig. 2) .
Histamine-induced release of NO in cells exposed to hypoxia. In HUVECs exposed to 21% oxygen, histamine induced a concentration-dependent release of NO (Fig. 3A) . The histamine-induced NO release was decreased markedly in cells exposed to 5% and 1% oxygen for 24 h (Fig. 3B) . In parallel experiments with ECs exposed to 21% oxygen for 24 h, histamine (1 M) increased the NO concentration with 21.9 Ϯ 5.6 nM in the absence and with 2.0 Ϯ 0.6 nM in the presence of the NOS inhibitor asymmetric dimethylarginine (300 M) (cells from 5 umbilical cords; data not shown).
In cells exposed to 5% oxygen for 1 h, histamine-evoked increases in the NO concentration were significantly increased compared with cells exposed to 21% oxygen for 1 h, whereas histamine induced similar increases in ECs exposed to 1% and 21% oxygen for 1 h (Fig. 3C) .
Effect of hypoxia on eNOS activity and protein levels. The activity of the eNOS enzyme was determined by measuring the conversion of radioactively labeled L-arginine to L-citrulline. The eNOS activity was reduced in response to 5% and 1% oxygen compared with 21% oxygen (Fig. 4A) . Thus, the eNOS activity was significantly lowered to 60 Ϯ 9% and 55 Ϯ 7% at 5% and 1% oxygen, respectively. The same samples were also used for measuring the protein level of eNOS by ELISA, which showed that the protein level was reduced in the same manner as the activity (Fig. 4B) . Thus, the amount of eNOS protein was decreased to 63.2 Ϯ 7.5% at 5% oxygen (P Ͻ 0.05 vs. normoxia) and even further to 39.4 Ϯ 6.2% at 1% oxygen (P Ͻ 0.05 vs. 21% and 5% oxygen). In contrast, immunoblot analysis showed the HIF activator CoCl 2 (100 M) increased eNOS content by 136 Ϯ 11% (P Ͻ 0.05 vs. control, n ϭ 7; data not shown).
eNOS phosphorylation. The relative amount of eNOS phosphorylated at the Ser 1177 residue, as determined using immunoblot analysis, was decreased in response to hypoxia (Fig. 5A) . This was also the case after CoCl 2 incubation. In HUVECs from three umbilical cords kept at 1% oxygen for 1 h, we moreover measured eNOS expression and eNOS Ser 1177 phosphorylation and found that it was unchanged compared with cells kept at 21% oxygen (results not shown). The phosphorylation at eNOS Thr 495 was, in contrast to eNOS Ser 1177 , increased in cells exposed to 5% and 1% oxygen for 24 h (Fig. 5B) . During CoCl 2 incubation, the relative amount of eNOS Thr 495 phosphorylation was not changed.
Akt expression and phosphorylation. Akt is considered the main kinase responsible for the phosphorylation of eNOS Ser 1177 (12, 17) . Akt protein content was reduced to 64 Ϯ 6% and 45 Ϯ 8% for 5% and 1% oxygen, respectively, whereas CoCl 2 treatment did not change Akt protein content (Fig. 6A) . The same regulation was also seen for the phosphorylated/active form of Akt. Thus, the decrease in phosphorylated active Akt was, respectively, 77 Ϯ 5% and 60 Ϯ 7% for 5% and 1% oxygen (Fig. 6B) .
Effect of hypoxia on ␤-actin expression. The amount of the SDS-soluble fraction of the structural protein ␤-actin was Fig. 3 . Histamine-induced release of NO in HUVECs exposed to hypoxia. A: representative trace of the measurement of NO release in cells exposed to the indicated oxygen tensions for 24 h. The microsensor was first allowed to stabilize under 21%, 5%, or 1% oxygen, and the release of NO in response to 3 concentrations of histamine was measured (0.1, 1.0, and 10 M). B: average increases in NO concentration induced by histamine in cells exposed to 21%, 5%, and 1% oxygen for 24 h. The release of NO was decreased in HUVECs exposed to 5% and 1% oxygen for 1 h. C: average increases in NO concentration induced by histamine in cells exposed to 21%, 5%, and 1% oxygen for 1 h. NO concentration was increased in cells exposed to 5% oxygen, whereas it was unaltered in cells exposed to 1% oxygen compared 21% oxygen. Values are means Ϯ SE; n ϭ 4 -5 experiments (1 experiment for each subject). Differences in responses were evaluated by two-way ANOVA. *P Ͻ 0.05 vs. histamine-evoked NO release at normoxia (21% oxygen); #P Ͻ 0.05 vs. histamine-evoked NO release at 5% oxygen. Increases in the NO concentration were dependent on the histamine concentration applied. approximately halved after the exposure to 5% and 1% oxygen (Fig. 7) . The incubation with CoCl 2 did not change ␤-actin protein content.
Effect of chronic hypoxia on EC calcium levels. Loading of ECs with fura-2 was comparable, since fluorescence measurements at the isobestic wavelength of 360 nm were not different; photometric counts were 114,925 Ϯ 6,289 counts/s in normoxia, 113,075 Ϯ 3,630 counts/s at 5% oxygen, and 110,240 Ϯ 5,082 counts/s at 1% oxygen. Baseline calcium levels expressed as the ratio of emission intensities at the two excitation wavelengths (340 vs. 380 nm) in cells exposed for 24 h to 21%, 5%, and 1% oxygen were, respectively, 0.130 Ϯ 0.015, 0.072 Ϯ 0.012 (P Ͻ 0.05 vs. 21% oxygen, n ϭ 5), and 0.022 Ϯ 0.017 (P Ͻ 0.05 vs. 21% oxygen, n ϭ 5). Histamine (1 M)-evoked increases in the fura-2 ratio in EC calcium were significantly less pronounced at 5 and 1% oxygen compared with 21% oxygen (Fig. 8A) . Calcium ionophore ionomycin (1 M)-evoked increases in calcium levels were less in cells exposed to 1% oxygen (Fig. 8B) .
DISCUSSION
The main finding of the present study was that NO release from ECs was diminished after 24-h incubation with 5% and 1% oxygen. This is supported by the findings that the eNOS activity and concentration were lowered by chronic hypoxia. The decreased eNOS activity was probably a consequence of the, respectively, decreased and increased phosphorylations of eNOS at Ser 1177 and Thr 495 , where the altered eNOS phosphorylation at Ser 1177 agrees with reduced Akt protein content and phosphorylation.
As mentioned in the Introduction, measurements of NO end products in ECs exposed to chronic hypoxia have suggested either increased (7, 25, 58, 59) , decreased (28, 53) , or no alterations (10) in nitrite and nitrate levels. Differences in the EC type and duration of hypoxic exposure explain some of these different findings. Moreover, the formation of nitrite and nitrate is cumulative and can result from other processes than degradation of NO (4) . With the use of NO-sensitive microsensors, the present study provides direct evidence showing that in contrast to acute lowering of oxygen for 1 h, agonist-induced NO release is successively blunted by lowering the oxygen to 5% and 1% for 24 h. Account was taken of the increased sensitivity of the NO-sensitive microsensors to reduced oxygen tension (55) (Fig. 1) , and hence the altered sensitivity of the microsensor does not explain the decreased NO concentration measured in HUVECs exposed to a hypoxic environment for 24 h. Our findings of decreased agonist-evoked NO formation agree with the observation of decreased cGMP formation in primary cultured HUVECs exposed to chronic hypoxia (32) . In a previous study (55) , we found that histamine-induced NO release from HUVECs is blocked by inhibitors of NOS, and, therefore, our measurements of NO concentration provide direct evidence that the NO concentration is decreased in ECs exposed to chronic hypoxia.
Chronic hypoxia and eNOS expression. The regulation of eNOS expression during hypoxia appears controversial, but it seems that in general, short hypoxic incubations, at oxygen concentrations anywhere between 1% and 5%, result in increased eNOS protein and mRNA expression (6, 21, 29) , whereas longer incubations, usually 24 h, result in increased (3) or decreased (28, 39, 50) eNOS protein and/or mRNA expression. In the present study, 24-h incubations with 5% and 1% oxygen also decreased eNOS content per EC, and the decreased expression of eNOS was pronounced, suggesting that it in part explains the decreased release of NO in cells exposed to hypoxia.
To investigate the role of HIF in the regulation of eNOS expression, ECs in the present study were incubated with CoCl 2 , a known stabilizer of HIF-1␣ (60) . In contrast to chronic hypoxia, the amount of eNOS was increased with CoCl 2 incubation. The latter finding is most likely due to the fact that HIF-2 can bind to a HIF response site (11, 14) . Reduced eNOS expression in chronic hypoxia has been ascribed to decreased steady-state mRNA and/or stability (32, 49) or increased proteasomal activation (45) . The present study does not exclude that HIF contributes to increased eNOS expression in short-term hypoxia but suggests that other mech- Fig. 7 . Effect of hypoxia on ␤-actin expression. Top: representative immunoblots for actin showing that hypoxia downregulated ␤-actin. Bottom: values are means Ϯ SE of 8 -15 experiments (1 experiment for each subject). *P Ͻ 0.05 vs. normoxia. There were no differences in the amount of ␤-actin in HUVECs exposed to 5% vs. 1% oxygen. The HIF activator CoCl2 did not change the ␤-actin content. anisms lead to the decreased eNOS expression and NO formation in chronic hypoxia.
Chronic hypoxia and eNOS activity. In addition to decreased eNOS expression, hypoxia-induced reduction of eNOS activity could contribute to decreased NO release. In bovine aortic ECs (3) and human saphenous vein ECs (50), chronic hypoxia resulted in reduced eNOS activity. In the present study, chronic hypoxia also reduced activity measured as the conversion of labeled L-arginine to L-citrulline in HUVECs. These findings provide further support to the suggestion that reduced eNOS activity plays an important role for reduced endothelial NO release in chronic hypoxia.
Alterations in substrate availability, endothelial signal transduction, and bioavailability of oxygen may explain the blunted histamine-induced NO release and reduced eNOS activity in HUVECs. The cell medium contained 300 M L-arginine, which is higher or at least similar to the plasma L-arginine concentration in humans and rats (18, 30) , and is therefore an unlikely explanation for the decreased NO release. Oxygen is required for formation of NO from L-arginine (46) , but the K m value for eNOS in respect to oxygen is 4 M (46), and it is therefore not likely that low oxygen by itself explains the decreased NO formation observed in the present study. Decreased bioavailability of NO due to reaction with superoxide is another possibility (4). Thus, short-term exposure to 1% hypoxia was demonstrated to increase mitochondrial free radical generation followed by the formation of IL-6 and increased permeability in the HUVEC monolayer (38) . Although our findings suggest that decreased eNOS expression and alterations in eNOS activity contribute to decrease NO formation, further studies are required to clarify whether the formation of radical oxygen species contributes to the decreased eNOS expression and/or NO formation in HUVECs exposed to chronic hypoxia.
Regulation of eNOS. Increases in EC calcium levels and membrane hyperpolarization are coupled to the release of endothelium-derived relaxing factors including NO. Studies of arteries from chronic hypoxic animals have also shown that the EC calcium level is closely related to the release of NO, since the acetylcholine-induced increase in EC calcium and NO concentrations was increased in mesenteric arteries (13) and the carbachol-induced increase in EC calcium and NO concentrations was reduced in pulmonary arteries from chronic hypoxic rats (35) . In the present study, the histamine-induced increase in [Ca 2ϩ ] i and NO concentration was also reduced in ECs exposed chronic hypoxia. These findings suggest that chronic hypoxia alters EC calcium handling and is closely related to the alterations in the release of NO. In severe hypoxia, the ionomycin-induced increase in [Ca 2ϩ ] i was also blunted, suggesting that intracellular calcium handling and/or activation of calcium-induced calcium release is affected by chronic hypoxia. eNOS activity is regulated by a variety of factors such as acylation, by its cellular location, and protein-protein interactions such as eNOS-caveolin-1, eNOS-heat shock protein 90 (Hsp90), and eNOS-calmodulin (15) . In ovine fetal and neonatal lung microvascular ECs, increasing oxygen at birth was suggested to promote the dissociation of caveolin-1 and eNOS (24) , and, in chronic hypoxic rats, tight coupling of caveolin-1 and eNOS resulted in reduced NO formation in pulmonary arteries (35) . Efficient NO production requires the binding of Hsp90 to eNOS, and, in porcine coronary artery ECs, short-term hypoxia stimulated Hsp90 binding to eNOS (7) , whereas in pulmonary arteries from chronic hypoxic rats, both Hsp90 and calmodulin binding to eNOS was found to be decreased (35) . Although our results do not exclude alterations in caveolin-1 and Hsp90 binding to eNOS, the findings of blunted increase in EC calcium levels in the present study suggest that decreased calmodulineNOS binding may contribute to the decrease in eNOS activity and NO release observed in hypoxic ECs. eNOS is also regulated by phosphorylations at multiple sites (15) . Various enzymes such as Akt (12, 51) , protein kinase A (5), and 5Ј-AMP-activated protein kinase (8) have been reported to phosphorylate eNOS on Ser 1177 residues, resulting in increased NO after different stimuli. Phosphorylation on Thr 495 , on the other hand, causes a decrease in enzyme activity and NO (8) . In the present study, phosphorylation of Ser 1177 was decreased and Thr 495 increased, suggesting that altered phosphorylation of eNOS explains the decreased enzyme activity and NO output. Moreover, the total amount of Akt as well as the relative amount of the active (phosphorylated) form was reduced after hypoxic incubation, again supporting the previous results. The regulation of phosphatidylinositol 3-kinase (PI3K/Akt) signaling during hypoxia seems to be cell type specific (1), but caspase 3 has been found to cleave Akt (27) , and the decrease in Akt phosphorylation can be mediated by, for example, endoplasmic reticulum stress (23) and metalloproteinase 1 (9) , all of which are likely to be activated by hypoxia.
The decrease we found in the phosphorylation at Ser 1177 with CoCl 2 treatment is consistent with a decrease in cyclic Actin is known to influence eNOS and NO production at several levels (48) . This regulation is seen both at the posttranscriptional (41) and posttranslational level (47, 61) . In addition, an intact cytoskeleton seems to be important for the phosphorylation and thereby activation of Akt (16) , further implicating actin in the regulation of eNOS activity. It has been demonstrated that actin, and especially G-actin, can increase the activity of eNOS (26, 47) . Rho kinase, which can induce stress fiber formation and focal adhesions, and which is upregulated during hypoxia, can negatively regulate eNOS at the protein level as well as mRNA stability and activity (47, 50) . The actin cytoskeleton can also play a role for keeping eNOS in close proximity to caveolin-1 and also seems able to affect enzyme activity directly (47) . In the present study, we found that CoCl 2 did not change actin turnover, indicating that HIF is not involved, but, during 5% and 1% hypoxia, the amount of ␤-actin was approximately halved compared with normoxia. These findings support the other results in confirming that hypoxia in HUVECs leads to diminished release of NO.
Limitations and conclusions. The degree of hypoxia is of importance for the physiological response. In the present study, we chose to investigate the response to both 5% and 1% oxygen. The oxygen concentration in the human umbilical vein is ϳ5% (34) , and it could thus be argued that 5% oxygen would resemble normoxia rather than hypoxia. However, since cells were cultured at 21% oxygen for ϳ2 wk before the experiments, it is likely that they have adapted to 21% oxygen as normoxia. This conclusion was supported by our finding that immunoblot analysis demonstrated stabilization of the transcription factor hypoxia HIF-1␣ in cells exposed to 1% and 5% oxygen. The stabilization of HIF-1␣ under both forms of hypoxia and not under normoxia strongly suggests that cells were reacting to hypoxic incubations.
As mentioned in the Introduction, in vivo the response of the endothelial NO system to chronic hypoxia depends on the vascular bed involved, duration and degree of hypoxia, gestational state, and also blood flow and shear stress. Although the present study cannot reflect all the influence of all these variables, it is focused on the direct effect of chronic hypoxia on the release of NO in primary cultures of human ECs from a large number of subjects and, hence, contributes to the understanding of the mechanisms underlying the decreased formation of NO in these conditions. The decreased production of NO underlies the pathophysiology of a number of important vascular disorders such as atherosclerosis, diabetes, and pulmonary hypertension (34, 55) , and, from our results, we would expect that hypoxia-induced reduction of eNOS expression and altered phosphorylation followed by blunted NO release would decrease many of the positive actions of NO that serve to protect the cells and surrounding tissue and, hence, contribute to the development of cardiovascular diseases.
In conclusion, chronic hypoxia in HUVECs reduces the histamine-induced NO release as well as eNOS activity and protein level. The decreased activity is most likely due to a change in eNOS phosphorylations, which is supported by decreases in Akt expression and phosphorylation. Moreover, the protein content of ␤-actin, which is known to influence the activity of eNOS, was almost halved by hypoxia, further supporting the fall in eNOS activity. Therefore, based on the present findings in primary cultures of human ECs, it is likely that chronic hypoxia leading to reduced NO release and activity will accentuate endothelial dysfunction associated with cardiovascular disease.
